Nickel compounds are recogniz to cause nasal and lung cancers. Magnesium is an effective protector aganst nickel-induced carcinogenesis in vivO, although its mechanisms of protection remain elusive. The 744-748 (1997) Epidemiologic studies have shown that nickel compounds cause nasal and lung cancers in exposed workers (1). Nickel-containing compounds induced tumors in various experimental animals via several different types of exposure (2-4). DNA-protein cross-links and chromosomal aberrations were observed in mammalian cells in culture to which nickel compounds were added (5,6). In addition, nickel(II) caused oxidative damage to isolated DNA and chromatin in the presence of hydrogen peroxide, possibly due to the formation of reactive oxygen species (7).
generation of reactive oxgen by nickel chloride was also analyzed by observing 8-hydroxy.
deoxyguansIne formation from d nosinei the prejence and absence of m nesium chlo ride. The suppression of up to 64% of the prolrion of BALB/3T3 fibroblsts by nickel subsulfide (1 pglml) was reversed by magesiu. The nickel compound increasd not only the number of micronuclci but also the anVount of DNA-protein cross-links e ned with CHO and BALB/3T3 cels pe These genotozic effet of nickel were -pmlesseed by m sium carbonate. In addition, the ceilular accumulation of nickel increased 80-fold with nickl subsulfide tment and decreased with m esium carbonate trea 1tn also e d 8-hydroxy-dy nosine formaion in the presence f H202 and ascrbic acid, where magnesium played another suppressive role. In fct, inhibition by magnesium was still observed even in the absence of ncl treatment These results suggest that the protecive role of magesium in nicke-induced cytoticiry and gnotoiciy can le attributed to its ability to reduce either the intracellular nickel concentration or reactive oxygen fiormation. Key work genotoxicity, 8- hydroxy-deoxyguanosine, magnesium, nickel, reactive oxygen. Environn Health Prspec 105: 744-748 (1997) Epidemiologic studies have shown that nickel compounds cause nasal and lung cancers in exposed workers (1) . Nickel-containing compounds induced tumors in various experimental animals via several different types of exposure (2) (3) (4) . DNA-protein cross-links and chromosomal aberrations were observed in mammalian cells in culture to which nickel compounds were added (5, 6) . In addition, nickel(II) caused oxidative damage to isolated DNA and chromatin in the presence of hydrogen peroxide, possibly due to the formation of reactive oxygen species (7) .
Magnesium is recognized as an effective protector against nickel-induced carcinogenesis in vivo (8, 9) . This protection may be attributed to a simple competition between nickel and magnesium ions for common intracellular counterparts because these divalent cations resemble each other in terms of their physicochemical properties (10) . Magnesium, therefore, is suspected to suppress genotoxicity and the formation of reactive oxygen induced by nickel, which ultimately leads to carcinogenesis.
In this report, the effects of magnesium carbonate on the cytotoxicity and the genotoxicity resulting from nickel treatment were examined with respect to inhibition of cell proliferation, micronuclei formation, and DNA-protein cross-link formation. DNA-protein cross-links. The DNAprotein cross-links (DPCs) were detected with the K-SDS assay described by Zhitkovich and Costa (11) , with minor modifications. In brief, the cells treated with various chemicals were washed twice and collected with 0.25% trypsinization. Following centrifugation at 600g, the resulting pellet was resuspended with PBS to give a final concentration of 106 cells/ml. The cells were subjected to lysis with 0.5 ml of 2% SDS and 1 mM PMSF in 20 mM Tris-HCl (pH 7.5) in a total volume of 1.5 ml. The mixture was vigorously vortexed for 10 sec and heated at 650C for 10 min. After further addition of 0.2 M KCI (0.5 ml) prepared in 20 mM Tris-HCl (pH 7.5), the sample was passed five times through a 21-gauge needle. The K-SDS precipitate was formed by cooling of the sample on ice for 5 min and collected by centrifugation at 5,000g for 6 min at 40C. The resulting pellet was washed twice with the following procedure: the pellet was resuspended with 1 ml of 0.2 M KCI in 20 mM Tris-HCI being passed through the needle five times, heated at 65°C for 10 min, cooled on ice, and centrifuged at 5,000g for 6 min at 40C. This thoroughly washed precipitate was incubated with proteinase K (0.2 mg/ml) at 500C for 3 hr in 1 ml of reaction mixture containing 0.1 M KCI and 10 mM EDTA in 20 mM Tris-HCl (pH 7.5). The released SDS due to the proteolysis was removed by cooling the sample down on ice in the presence of 100 pg bovine serum albumin as a carrier protein to facilitate the precipitation. (Fig. 1) . This suppression, however, was slowly recovered with the magnesium in a dose-dependent manner.
When micronuclei and DPC formation were observed with CHO and BALB/3T3 fibroblast cells, respectively, the nickel compound exhibited significant increases not only in numbers of micronuclei but also in DPCs over controls (Tables 1,2) . These genotoxic effects of nickel were again protected by the magnesium carbonate, although the magnesium itself showed little effect on the assays. The nickel subsulfide at 1 pg/mI increased the number of micronuclei from 12 to 54 in controls out of 500 binucleated cells. This number was reduced to 34 upon magnesium carbonate cotreatment at 2.4 pg/ml. The magnesium itself, however, did not change the numbers. This type of protection by magnesium was also found in the experiment on DPC formation. The DPC coefficient of 1.63 obtained in the presence of nickel was decreased to 1.39 with nBignesium subsulfide cotreatment at 2.4 pg/ml.
Measurement of nickel concentrations. Intracellular and intranuclear nickel concentrations in V79 fibroblast cells were determined after 24 hr of incubation with the metals (Fig. 2) . Treatment with nickel subsulfide increased the intracellular nickel concentration by 80-fold over that in control cells. This accumulation, however, was gradually decreased to 3.09 ng from 8.61 ng/104 cells as the concentrations of magnesium carbonate cotreated with the nickel were raised to 2.4 pg/ml. This decrease was more prominent in the case of intranuclear nickel concentrations in which 0.70 ng of Environmental Health Perspectives * Volume 105, Number 7, July 1997 nickel /104 cells was found at a magnesium carbonate treatment of 2.4 pg/ml.
8-OH-dG formation. In order to pursue a possible protective role of magnesium against nickel-induced reactive oxygen formation, the metal effects were investigated with hydroxylation of deoxyguanosine in the presence of H202 and ascorbic acid. It was reported that magnesium deficiency caused endothelial cells to be more sensitive to free radical-induced oxidative damage in vitro (12) , which also prompted us to investigate the role of magnesium during 8-OH-dG formation. The hydroxylation was increased to 2.02% with 24 hr of incubation with H202 and ascorbic acid. The amount of modified nucleoside was decreased to 0.86% during an additional 24 hr of incubation, which might be partly due to deglycosylation (13) . This modification was enhanced by NiCI2 in a concentration-dependent manner (Table 3) . Magnesium chloride clearly inhibited the 8-OH-dG formation produced by nickel at its final concentration of 20 mM in the presence of H202 and ascorbic acid (Table  4 ). In addition, this inhibited 8-OH-dG formation was still obvious even in the absence of the nickel (Table 5) . At 40 mM MgCl2, the hydroxylated product was found to be 0.50%, markedly decreased from 2.02% in controls. This fact clearly suggests that magnesium is involved in the process of formation and/or the degeneration of reactive oxygen species independent of the nickel compound. In other words, magnesium played an antioxidative function in this experiment. Discussion This study was carried out to examine the genotoxic effects of nickel in cultured cells, to evaluate the protective effects of magnesium against nickel toxicity, and finally to find the effects of metals on reactive oxygen formation. Much evidence supports a close relationship between nickel toxicity and carcinogenicity, which involves the formation of reactive oxygen species inside cells (7, 14, 15) . We have clearly demonstrated in this study that the genotoxicity of Ni3S2 assessed by micronuclei formation and DNA-protein cross-link formation was markedly reduced by the magnesium carbonate. This effect differs from the wellknown inhibition of soluble Mg2+ salts on nickel-induced genotoxicity because these studies were carried out with 0.6-2.4 pzg/ml particulate MgCO3 in cell culture media that already contained the magnesium ion at concentrations of 14.6-19.7 jzg/ml. This protection is suspected to be partly due to reduced intracellular nickel concentration because it has already been reported-that the nuclear nickel concentrations and the nickel-induced DNA damage were mutually dependent (16) . In addition, we showed that 8-OH-dG formation by soluble NiCI2 in a dG hydroxylation system as an indicator of the formation of reactive oxygen species was also suppressed by magnesium chloride. Since these two divalent cations-Ni2+ and Mg2+-share many physicochemical properties (10), the magnesium effects on intracellular and intranuclear nickel concentrations were somewhat expected. It is certainly possible that there is simple competition between the cations for either the transport process or various intracellular target molecules after being imported through phagocytosis of the metals and solubilized. It is widely accepted that cells phagocytizing particulate compounds obtain a high concentration of biologically available ions inside as a result of dissolving the particle present in intracellular vacuoles (17) . The uptake and solubilization of the nickel compounds are very important with respect to the mechanism of nickel carcinogenesis (18) (19) (20) . The inhibitory effects of magnesium on the various nickel-induced biological phenomenon caused by nickel in this study could be due to an interference of undissolved MgCO3 with the phagocytic uptake and the solubilization of Ni3S2 because these two metals are slightly soluble in the cell culture medium.
The Ni3S2, under conditions that inhibit cell growth, also induced a significant amount of micronuclei and DNA-protein cross-link formation. The micronuclei formation analyzed with the cytokinesis-block method is known to be related to the phe- (21) (22) (23) . In fact, various nickel compounds were responsible for chromosomal aberrations in both in vivo and in vitro systems (24, 25) . DNA-protein cross-links frequently produced by many carcinogens are considered to be critical lesions leading to genotoxicity because they impede the activities of proteins involved in DNA replication, transcription, and repair (11, 26, 27) . Since these complexes persist even after the removal of the cross-linking agents and are difficult to be repaired, they would cause permanent DNA damage (28) (29) (30) (31) . It has been shown that the DNA-protein crosslink produced by nickel resulted from oxygen radicals (32) (33) (34) . It is unlikely for nickel by itself to cross-link DNA and protein directly (35 (12, 39) . Our results, therefore, suggest that magnesium is an antioxidant.
In conclusion, we show strong and consistent relationships among cell growth inhibition, micronuclei formation, and DNA-protein cross-link formation in terms of the cytotoxicity and the genotoxicity induced by nickel. In addition, these nickel toxicities are suppressed by particulate MgCO3. Reactive oxygen formation induced by NiCl2 is also reduced by MgCI2 in the dG hydroxylation system. These protective roles of magnesium, therefore, may be explained by its ability to reduce not only intracellular nickel concentrations but also reactive oxygen formation.
